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ABSTRACT 

Ultraviolet  (UV)  systems  provide  unique  opportunities  for 
communications  and  sensing.  We  present  recent  results  in 
UV  communications,  including  experiments  and  analysis. 
We  describe  our  experimental  ultraviolet  communication 
test-bed  based  on  light  emitting  diodes  with  divergent 
beams,  a  solar  blind  filter,  and  a  wide  field-of-view 
detector.  Then  we  report  on  statistical  models  for  noise  and 
signal  photon  counts,  non-line  of  sight  (NLOS)  short-range 
ultraviolet  communication  link  losses,  and  performance  of 
photon  counting  detectors,  operating  in  the  solar  blind 
spectrum  regime.  The  effects  of  transmitter  and  receiver 
elevation  angles,  separation  distance,  and  path  loss  are 
included.  We  also  demonstrate  shot-noise  limited  bit-error- 
rate  performance,  showing  good  agreement  with  analytically 
predicted  performance. 

1.  INTRODUCTION 

With  the  unique  scattering  and  absorption  properties  of 
ultraviolet  (UV)  waves  propagating  through  an  atmospheric 
channel,  the  UV  spectrum  provides  unique  opportunities  for 
diverse  short-range  communication  environments,  including 
line-of-sight  (LOS)  and  non-line-of-sight  (NLOS)  channels 
[1][2],  By  operating  in  the  solar  blind  region  [3],  a  wide 
field-of-view  (LOV)  receiver  can  exploit  the  very  low  solar 
background  to  achieve  excellent  signal-to-noise  ratio  (SNR) 
and  quantum  noise  limited  photon-counting  detection. 
These  benefits  can  now  begin  to  be  realized  based  on 
technological  advances  in  both  miniaturized  low-power 
solid-state  UV  devices  and  advanced  UV  communications 
technology.  In  this  paper,  we  present  experimental  and 
analytical  performance  evaluation  of  a  solar  blind,  non-LOS 
outdoor  UV  communications  link. 

Ultraviolet  communications  has  a  rich  research  history 
(e.g.,  see  the  recent  survey  in  [4]).  Relevant  studies  date 
back  to  the  1960’s  [5][6],  and  later  included  experimental 
characterization  of  a  scattering -based  UV  link  [7], 
analytical  channel  modeling  [8],  a  NLOS  UV  voice 
communication  system,  and  a  local  area  network 
demonstration  [9] [10] [11],  All  these  UV  systems  used  a 


flashtube/lamp/laser  as  a  light  source;  these  devices  are 
bulky,  power  hungry,  or  bandwidth  limited.  Semiconductor 
UV  optical  sources  offer  potential  low  cost,  small  size,  low 
power,  high  reliability,  and  high  bandwidth.  Recent  efforts 
such  as  the  DARPA  Semiconductor  UV  Optical  Source 
(SUVOS)  program  have  led  to  commercialized  (research- 
grade)  deep  UV  LEDs  (e.g..  Sensor  Electronics  Technology 
Co.)  [12],  A  typical  UV  LED  radiates  an  average  optical 
power  of  1  mW. 

To  develop  an  effective  outdoor  communication 
transceiver  under  exposure  to  solar  radiation,  solar-blind 
UV  detection  and  filtering  technology  is  crucial  to 
maximally  suppress  out-of-band  radiation.  Commercial  UV 
photomultiplier  tubes  (PMTs)  achieve  a  very  high 
multiplication  gain  of  105~107,  high  responsivity  of  62 
AAV,  large  detection  area  of  a  few  cm2,  reasonable  quantum 
efficiency  of  15%,  and  low  dark  current  of  0.1  nA/cm2  (only 
about  102  dark  counts  per  second).  These  features  enable 
detection  of  very  weak  signals,  even  with  the  detector 
pointing  directly  at  the  sun,  down  to  single  photon  counting 
resolution.  An  off-the-shelf  solar  blind  filter,  combined 
with  a  solar  blind  PMT,  typically  yields  an  excellent  out-of- 
band  rejection  ratio  of  about  108.  Solid  state  avalanche 
photodiode  (APD)  detectors  are  also  rapidly  being 
developed,  e.g.,  through  the  DARPA  Deep  Ultraviolet 
Avalanche  Photodetector  (DUVAP)  program,  that  aims  to 
demonstrate  APD  arrays  with  performance  metrics 
comparable  to  a  typical  PMT. 

The  availability  of  deep  UV  LEDs,  solar  blind  PMTs  and 
filters  has  inspired  recent  research  on  LED  based  UV 
system  performance  for  applications  from  short  range 
communications  to  sensing  and  imaging.  Potential  military 
applications  include  unattended  ground  sensor  (UGS) 
networks  and  small  unit  communications,  flame  sensing, 
biological  fluorescence  detection,  missile  or  artillery/gun 
fire  detection,  ground-air  communications,  optical  tag 
identification,  and  covert  networking  [4],  In  a  mobile  ad- 
hoc  network,  UV’s  enhanced  geographic  coverage  with  a 
reasonable  transmitter  beam  divergence  and  wide  receiver 
LOV  could  enable  terminals  on-the-move  to  more  readily 
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maintain  connectivity,  in  contrast  to  a  conventional  optical 
system  with  a  much  stricter  pointing  and  tracking 
requirement.  Atmospheric  attenuation,  and  eye  safety  limits, 
make  such  a  link  appropriate  for  ranges  on  the  order  of  1 
km  or  less,  and  are  inherently  covert. 

2.  EXPERIMENTAL  SETUP 

The  University  of  California,  Riverside  (UCR)  has 
recently  built  a  NLOS  UV  communications  test-bed  under 
support  of  the  Army  Research  Office  and  in  collaboration 
with  the  Army  Research  Laboratory  [4]  [  1 3] [  14],  as  pictured 
in  Fig.  1 .  The  transmitter  uses  a  waveform  generator  feeding 
binary  sequences  to  current  driver  circuitry  that  powers  an 
array  of  7  ball-lens  UV  LEDs.  Each  LED  receives  a  driving 
current  of  30  mA,  yielding  an  average  radiated  optical 
power  of  0.3  mW.  The  beam  angular  distribution  was  found 
to  follow  a  superposition  of  multiple  Gaussian  functions 
with  a  full  divergence  angle  of  10°.  The  LEDs  (UVTOP250 
with  nominal  center  wavelengths  of  250  nm)  are  mounted 
on  a  calibrated  plate. 


Overlap  volume 


Fig.  1.  UCR  non-line-of-sight  UV  communications  test-bed. 


At  the  receiver,  either  a  PMT  or  APD  detector  may  be 
used.  For  the  results  reported  here,  we  employed  a  solar- 
blind  filter  combined  with  a  PMT  for  photon  detection.  The 
solar  blind  filter  was  placed  in  front  of  the  sensing  window 
of  a  PerkinElmer  PMT  module  MP1922  (head-on  window). 
The  filter  has  a  full-width  half-maximum  (FWHM) 
bandwidth  of  15  nm  with  peak  transmission  of  10.4%  at  255 
nm.  The  spectral  mismatch  between  the  LED  and  the  filter 
was  found  to  be  less  than  30%.  The  PMT  has  a  circular 
sensing  window  with  a  diameter  of  1.5  cm,  resulting  in  an 
active  detection  area  of  1.77  cm2,  and  it  has  an  average  of 
10  dark  counts  per  second  (10  Hz).  The  composite  in-band 
UV  transmission  of  PMT  plus  filter  was  found  to  be  1%. 
The  detector’s  effective  FOV  was  estimated  to  be  about 
30°.  The  PMT  output  current  was  directed  to  a  low  noise 
amplifier  followed  by  a  photon  counter  unit.  Note  that  some 
spectral  mismatch  loss  between  the  LEDs  and  the  filter  was 


unavoidable  due  to  practical  device  constraints.  A 
mechanical  module  at  Tx/Rx  uses  two  perpendicular 
rotation  stages  to  achieve  high-resolution  angular  control  in 
both  azimuth  and  zenith  directions. 

3.  EXPERIMENTAL  RESULTS 

We  first  characterize  the  solar  background  noise  and 
signal  count  statistical  distributions.  Then  we  further  link 
key  system  parameters  such  as  path  loss  and  communication 
bit  error  rate  (BER)  under  different  transmitter  (Tx)  and 
receiver  (Rx)  geometries. 

3.1  Solar  irradiance  and  signal  count  distributions 

Solar  noise  and  signal  count  distributions  are  important 
for  power  budget  calculations  and  system  design.  In  our 
outdoor  experiments,  the  dark  count  rate  of  the  PMT  was 
negligible  when  compared  with  the  count  rates  due  to  solar 
radiation  in  the  deep  UV  band  and  the  received  signal. 
Measurements  of  the  maximum  solar  radiation  noise  counts 
were  recorded  as  the  PMT  was  aimed  directly  towards  the 
sun  at  noon.  The  time  interval  for  measurements  was  set  to 
be  200  (J.s  (a  rate  of  5  kHz).  This  value  was  set  to  achieve 
reasonably  high  signal  levels  (i.e.,  the  number  of  signal 
counts)  per  pulse  for  a  variety  of  test  geometries.  Each 
observation  window  was  segmented  into  several  time 
intervals.  The  received  solar  noise  counts  within  each  time 
window  were  then  recorded.  Measurements  from  dozens  of 
time  windows  were  used  to  obtain  the  distribution  of  the 
random  noise  photon  counts. 
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Fig.  2.  Distribution  of  solar  radiation  photon  counts. 

In  Fig.  2,  experimental  results  are  compared  against  a 
best-fit  Poisson  distribution  and  a  best-fit  truncated 
Gaussian  distribution.  The  Gaussian  distribution  is  found  to 
have  a  mean  of  2.9  counts  and  a  standard  deviation  of  1.8 
counts  per  interval.  This  yields  an  average  noise  count  rate 
of  14.5  kHz  with  standard  deviation  equal  to  9  kHz.  The 
Poisson  distribution  has  the  same  mean.  It  is  found  that  both 
fitting  errors  are  below  2%,  but  the  Poisson  fit  is  somewhat 
better.  However,  for  simplicity  of  communication 
performance  analysis,  we  adopt  a  Gaussian  distribution  as  a 


reasonable  approximation.  It  is  worth  mentioning  that  the 
measured  solar  background  count  represents  the  total 
contribution  of  solar  radiation  over  a  range  of  wavelengths 
below  320  nm,  and  is  not  necessarily  only  due  to  in-band 
noise,  because  the  PMT  and  filter  still  have  out-of-band 
leakage.  Consequently,  the  system  detected  non-negligible 
solar  radiation. 

The  above  measurement  results  indicate  that,  in  order  for 
our  receiver  to  achieve  an  SNR  of  10  dB  or  more,  the 
received  signal  count  rate  should  be  greater  than  F=145 
kHz,  on  average.  This  rate  can  be  translated  into  an  average 
received  power  for  a  given  transmission  wavelength.  Each 
photon  carries  a  total  energy,  E=hc/A  where  h  is  the  Planck 
constant,  c  is  the  speed  of  light,  and  A  is  transmission 
wavelength.  For  example,  a  photon  with  A^= 250  nm  carries  a 
total  energy  £'=7.956*10"19  J.  Hence,  to  achieve  10  dB  SNR 
the  average  received  power  must  be  no  less  than 
Pr=£,*F=1.15*10"13  W=1.15*10"10  mW.  For  a  single  FED 
transmitting  an  average  power  of  P,=03  mW,  the  total 
system  loss  is  thus  required  to  be  within  2.6*109,  or 
equivalently  94  dB.  This  includes  propagation  loss,  filter 
loss,  and  PMT  loss.  If  we  consider  the  system  to  have  a 
constant  loss  budget,  however,  increasing  the  number  of 
FEDs  helps  to  increase  the  received  signal  power  in  order  to 
reach  a  desired  signal  photon  count. 

Under  daytime  operating  conditions,  the  noise  count  rate 
varied  from  late  morning  to  early  afternoon  by  at  most  a 
factor  of  two,  down  to  a  photon  count  rate  of  8  kHz.  The 
rate,  however,  varied  significantly  with  time  over  the  course 
of  one  day.  During  several  experiments  it  dropped  to  below 
1  kHz  in  the  early  morning  or  late  afternoon.  Knowledge  of 
noise  count  is  needed  to  determine  acceptable  signal  levels 
and  maintain  desired  SNR  at  the  receiver,  especially  when 
using  photon  counting  receivers.  If  the  data  rate  is 
increased,  both  the  noise  count  and  the  signal  count  per 
pulse  decrease.  More  transmit  power  is  also  needed  if  the 
pulse  duration  is  made  shorter  to  keep  a  constant  number  of 
signal  photons  per  pulse.  Note  also  that,  at  night,  dark 
counts  become  the  dominant  noise  source. 


0  2  4  6  8  10  12  14  16  18  20  22  24  26  28 

Received  photons 

Fig.  3.  Distribution  of  signal  photon  counts. 

Signal  counts  were  also  recorded.  The  signal  photon  count 


measurements  were  obtained  during  the  same  times  of  day, 
with  Tx/Rx  elevation  angles  of  30°/30°  and  a  separation 
distance  of  70  m.  Figure  3  shows  both  experimental  data 
points  and  a  Poisson  curve  fit  for  the  signal  photon  counts. 
Very  good  agreement  is  apparent. 

3.2  Path  loss 

Path  loss  measurements  were  obtained  for  different 
Tx/Rx  geometries  and  separation  distances.  The  path  loss 
was  calculated  as  the  ratio  between  the  transmitted  photons 
radiated  from  the  UV  FEDs  and  the  signal  photons 
impinging  upon  the  receiver.  The  former  was  calculated 
based  on  the  measured  source  radiated  power,  and  the  latter 
was  calculated  from  measured  received  photons  divided  by 
the  total  percentage  loss  from  the  filter  and  PMT.  The 
receiving  area  was  1 .77  cm2.  If  path  loss  per  unit  area  is  of 
interest,  then  results  can  be  normalized  by  this  area. 


Fig.  4.  Path  loss  versus  distance,  for  different  Tx  and  Rx  elevation 
angles. 

Figure  4  presents  the  path  loss  at  different  distances  on  a 
logarithmic  scale,  for  different  Tx  and  Rx  elevation  angles. 
We  observe  that  the  path  loss  increases  by  about  18  dB  for 
each  order  of  magnitude  increase  in  distance  r,  i.e.,  path 
loss  is  proportional  to  r1'8  under  this  geometry  (the  path  loss 
exponent  is  1.8).  For  other  geometries,  the  path  loss 
exponent  may  change.  For  example,  for  a  very  short  range 
up  to  10  m  and  Tx/Rx  angle  of  90°,  it  was  found  to  be  close 
to  1.  However,  the  effect  of  geometry  on  the  path  loss 
exponent  is  still  under  investigation.  For  a  fixed  Rx  angle, 
the  loss  is  not  very  sensitive  to  the  change  in  the  Tx  angle  at 
these  moderate  angle  values.  A  total  variation  of  only  a  few 
decibels  is  observed  when  the  Tx  angle  is  changed  from  30° 
to  45°.  If  we  fix  the  Tx  angle,  however,  the  loss  is  found  to 
depend  highly  on  the  Rx  angle,  with  a  10  dB  difference 
between  Rx  angles  30°  and  45°.  In  general,  as  expected,  we 
observe  that  the  loss  increases  as  either  the  Tx  or  Rx  angle 
increases.  This  is  due  to  the  longer  propagation  path  as  well 
as  the  inherent  scattering  loss.  In  our  experiments,  the  beam 
divergence  and  receiver  FOV  were  fixed.  They  might  also 
contribute  to  path  loss  variations,  although  their  effects  can 


only  be  observed  if  additional  optical  modules  to  control 
those  angles  are  designed  and  integrated  with  the  LEDs  and 
the  filter. 

It  is  worth  mentioning  that  the  separation  distance  (the 
LOS  range  between  Tx  and  Rx)  in  our  measurements  is 
relatively  short  (up  to  100  m).  Because  the  attenuation 
coefficient  is  typically  in  the  range  of  1  —  10  km'1  [2],  losses 
due  to  atmospheric  attenuation  were  insignificant  and  thus 
not  reflected  in  our  measurements.  However,  if  the 
separation  distance  is  increased  to  multiple  kilometers, 
atmospheric  attenuation  may  become  dominant,  following 
the  typical  exponential  power  decay  law  assumed  in  the 
literature  [2].  Such  observations  also  suggest  that 
attenuation  effects  can  be  neglected  for  short  range 
communication  systems  (<1  km),  and  that  scattering  loss  is 
dominant  in  this  case. 


Fig.  5.  Path  loss  versus  Tx  elevation  angles  for  different  Rx 
elevation  angles. 


Fig.  6.  Path  loss  versus  Rx  elevation  angles  for  different  Tx 
elevation  angles. 

We  next  investigate  the  path  loss  as  a  function  of  different 
Tx/Rx  geometry.  Measured  results  are  shown  in  both  Figs.  5 
and  6,  where  the  separation  distance  is  fixed  to  25  m,  and 
we  obtain  the  path  loss  as  we  vary  the  Tx  and  Rx  elevation 
angles,  respectively.  Several  observations  can  be  made  from 
each  figure  with  regard  to  the  properties  of  NLOS  scattering 


communication  systems.  A  total  path-loss  difference  of  over 
50  dB  is  observed  as  the  angle  is  changed  from  0°  (LOS)  to 
90°.  The  rate  of  change  of  the  path  loss  decreases  when  the 
angle  is  increased  and  saturates  at  approximately  103  dB 
when  the  Tx/Rx  angle  is  increased  over  75°.  Thus,  path 
loss  is  more  sensitive  to  angle  variation  when  angles  are 
small.  The  path  loss  is  also  observed  to  increase  semi- 
monotonically  with  the  variation  of  the  Tx/Rx  angle  (x-axis) 
for  a  fixed  Rx/Tx  angle,  with  the  exception  of  an  observed 
minimum  at  around  50°  Tx  angle.  This  may  be  attributed  to 
angular  dependent  scattering  in  the  common  volume,  as 
represented  by  the  scattering  phase  function  [15].  The  phase 
function  which  describes  the  angular  distribution  of  the 
scattered  beam  is  typically  calculated  as  a  weighted  sum  of 
both  Rayleigh  (molecular)  and  Mie  (aerosol)  scattering 
phase  functions  [15].  The  weights  can  be  chosen  to  be 
proportional  to  the  corresponding  scattering  coefficients. 
Due  to  individual  behaviors  of  Rayleigh  and  Mie  scattering 
phase  functions  in  the  deep  UV  band,  the  averaged  phase 
function  shows  a  maximum  at  a  certain  scattering  angle, 
indicating  the  strongest  scattered  UV  radiation  (or  the 
smallest  path  loss)  in  that  direction  relative  to  the  beam 
incident  angle.  This  property  suggests  that  the  phase 
function  may  have  a  direct  impact  on  the  angular  path  loss 
behavior.  While  quantitative  and  qualitative  analysis  would 
be  more  convincing  than  the  current  reasoning,  this 
approach  is  unavailable  because  it  depends  on  a  realistic 
phase  function  model  and  a  path  loss  model.  The  path  loss 
is  also  observed  to  be  less  sensitive  to  the  dependent  angle 
in  the  range  of  30°~60°  versus  other  values,  partially 
explaining  the  angle  insensitivity  phenomenon  in  Fig.  4. 

The  path  loss  for  special  configurations  of  very  large 
Tx/Rx  elevation  angles  and  very  short  distances  can  be 
approximated  analytically  from  the  single  scattering  impulse 
response  model  [8]  and  approximation  for  the  intersected 
cone  volume.  It  can  then  be  compared  with  experimental 
results.  Let  us  denote  r  as  the  Tx  and  Rx  separation,  0\  and 
02  as  the  Tx  and  Rx  elevation  angles,  <j)x  and  (fh  as  the  Tx 
beam  angle  and  Rx  FOV,  ke  the  extinction  coefficient,  ks  the 
scattering  coefficient,  O^—dx+Oa  as  the  angle  between 
forward  direction  of  incident  waves  and  observation 
direction,  Ar  as  the  area  of  the  receiving  aperture,  and  P(fi) 
the  scattering  phase  function  where  /7=cos(  6/j.  For  optical 
scattering,  classical  phase  function  models  include  an 
isotropic,  Rayleigh  (molecular)  and  Mie  (aerosol)  phase 
function  given  below  [15] 


Ray 


(m)  = 


3[i+3y+a-r)un 


16^(1 +  2  y) 


Pu“  (fi)  = 


i-r 


\K 


1 


+/- 


0.5(3//2  —  1) 


(: \+g2-ign )“  (i+ g2  -2g/t) 


where  y  g,  and /are  model  parameters.  Due  to  the  existence 
of  different  types  of  particles  in  the  atmosphere,  neither  of 
the  above  individual  functions  is  suitable  for  a  practical 
physical  scattering  process.  Instead,  the  overall  phase 
function  to  capture  all  particle  effects  can  be  modeled  as  a 
weighted  sum  of  the  Rayleigh  and  Mie  scattering  phase 
functions 

j^Ray  iMie 

p(Ju)  =  l^p««>(Ju)  +  ^-p^(Ju)  (4) 

K  K 

according  to  the  corresponding  scattering  coefficients  ksRay 
and  ksM,e  where  ks=ksRay+ksM,e .  Then  after  some 
mathematical  manipulations,  path  loss  is  found  to  be 
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1 

(a)  Path  loss  for  (0.,  ,02)=(8Oo,6O°) 


(b)  Path  loss  for  (01 ,02)=(8Oo,7O°) 


(c)  Path  loss  for  (01,02)=(8O°,8O°) 


(d)  Path  loss  for  (01,02)=(8O°,9O°) 


Fig.  7.  Measured  and  predicted  path  losses  per  unit  cm2. 


Path  loss  per  unit  area  cm2  versus  short  communication 
range  is  compared  with  measurement  for  different  ft  in  Fig. 
7.  The  following  geometric  and  model  parameters  were 
chosen:  (ft,ft,ft)=(  10°,30°,80°),  at  wavelength  A=260  nm 
(ke,ksRay,ksMie)=(  1 .39,  0.24,0.25)  km-1,  ^0.017,  g= 0.72  and 
f=  0.5.  The  larger  ft,  the  closer  the  predicted  path  loss 
approaches  measurement,  with  error  from  2  dB  down  to 
OdB.  This  indicates  that  the  single  scattering  model  well 
predicts  link  performance  for  short  range  and  large  apex 
angles.  Experiments  for  longer  range  and  larger  apex  angle 
are  limited  by  the  available  LED  emission  power. 


3.3  BER  performance 

Experiments  were  also  conducted  to  measure  the 
communication  BER  using  on-off  keying  (OOK) 
modulation.  The  received  signal  model  is  described  by 
y=x+n  where  x  is  signal  and  n  is  noise.  Demodulation  was 
performed  off-line  after  the  received  counts  were  recorded. 


The  threshold  used  to  decide  whether  a  pulse  was  received 
or  not  was  optimized  based  on  the  background  noise  and 
signal  photon  counts.  Note  that  the  SNR  of  the  received 
signal  is  affected  by  the  different  geometric  parameters 
described  earlier.  Therefore,  to  present  the  BER  for 
different  SNRs,  we  chose  to  vary  the  Tx  and  Rx  angles  in 
order  to  vary  the  SNR  as  desired.  Considering  the 
randomness  of  received  signal  and  noise  photons,  the  BER 
and  SNR  presented  below  are  measured  averages. 


SNR  (dB) 


Fig.  8.  BER  for  varying  SNR. 


Rx  angle  (degree) 

Fig.  9.  BER  versus  Rx  elevation  angles  for  different  Tx  elevation 
angles. 

Figure  8  compares  measured  and  predicted  BER,  where 
the  prediction  is  based  on  the  SNR  and  the  Gaussian  Q- 
function  formula  valid  for  Gaussian  noise,  which 
approximates  the  measured  noise  count  distribution. 
Predicted  and  measured  results  show  good  agreement.  This 
figure  also  reveals  how  much  received  SNR  is  required  to 
achieve  a  certain  BER,  or  equivalently  the  average  required 
received  signal  photon  count  for  a  given  noise  environment. 
For  example,  at  SNR=10  dB,  a  BER  of  10  2  is  achievable; 
and  as  SNR  increases  to  15  dB,  a  BER  below  10’4  is 
achievable.  To  see  how  Rx  elevation  angle  explicitly 
impacts  BER,  we  fixed  the  Tx  elevation  angle  at  30°,  40°, 
50°,  and  60°,  respectively,  at  a  communication  distance  of 
35  m.  Corresponding  BER  results  are  plotted  in  Fig.  9.  The 


figure  illustrates  that  the  BER  with  Tx  angle  fixed  at  30° 
can  drop  from  10’1  to  about  10"6  when  the  Rx  angle 
decreases  from  40°  to  20°,  with  further  reductions  in  BER 
when  pointing  approaches  line-of-sight. 

It  is  also  possible  to  predict  BER  performance  from  the 
approximate  path  loss  expression  we  developed  earlier. 
Each  photon  carries  energy  he/ A  where  c  is  the  speed  of 
light,  and  h  is  Planck’s  constant.  The  average  detected 
number  of  signal  photons  per  bit  is  PrTjfJjrAl(Rhc)  where 
is  the  filter  transmission,  T)r  the  detector  quantum  efficiency, 
R  the  data  rate,  and  P,  the  received  power  obtained  from 
transmitted  power  P,  as  Pj=PJL.  For  direct  detection  by  an 
ideal  receiver,  the  BER  under  optimum  detection  of  on-off 
keying  signals  is  given 


BER  =  0.5  exp 


L(hcU )  /?J 


as  a  function  of  the  system  parameters. 


Fig.  10.  Rate-range-BER  tradeoffs. 


4.  CONCLUSIONS 

This  paper  presented  various  experimental  and  analytical 
results  for  NLOS  UV  communications  based  on  low  power 
divergent  LED  source  arrays.  Solar  background  noise  and 
signal  count  distributions  were  characterized.  The  path  loss 
and  BER  of  corresponding  photon  counting  detectors  were 
studied  under  different  system  geometries  determined  by  Tx 
and  Rx  elevation  angles  and  communication  distances. 
These  experimental  results  are  valuable  for  the  design  of 
practical  receivers  for  NLOS  systems. 

Additional  studies  have  been  conducted  [16]  showing  that 
path  loss  predictions  based  on  the  single  scattering  model 
[8]  are  only  applicable  to  very  limited  geometries  and 
significantly  deviate  from  measurements  under  many  other 
geometries.  An  appropriate  multiple  scattering  model  may 
prove  to  be  more  generally  applicable.  The  path  loss 
exponent  may  depend  on  geometry,  beam  profile,  and  Rx 
FOV.  It  may  vary  from  a  value  close  to  1  as  reported  in  the 
literature  [2] [8] [15],  to  a  value  close  to  2  reported  in  the 
current  work.  Our  continuing  studies  will  focus  on 
developing  a  path  loss  model  [16],  scattering  and  phase 
function  models  based  on  measurements  under  different 
meteorological  conditions,  incorporating  the  effects  of  beam 
angle  and  FOV.  We  are  also  studying  the  channel  impulse 
response  and  atmospheric  attenuation  effects  using  a  high 
power  UV  source. 
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We  assume  an  LED  array  with  power  50  mW,  //,  =0.1, 
A, =  1.77  cm2,  r/,=0.2,  (6>1,<92)=(30°,30°).  The  other 
parameters  match  Fig.  7.  Figure  10  depicts  data  rate  versus 
range,  with  curves  parameterized  by  BER.  For  a  raw  BER 
(no  coding)  requirement  of  10-3,  the  corresponding  data  rate 
is  100  kbps  at  10m  range,  and  drops  to  10  kbps  at  100  m 
range.  If  path  loss  L  is  doubled  (a  3dB  increase)  or 
transmitted  power  decreases  by  half,  then  the  BER  increases 
to  0.5(2xl0_3)°'5=2.24xl0~2.  Similarly,  the  impact  of  other 
system  parameters  on  performance  can  be  readily 
determined. 

It  is  worth  mentioning  that  the  above  results  are  based  on 
the  (30°, 30°)  Tx/Rx  elevation  angles  in  a  NLOS  setup.  If 
the  configuration  changes  to  LOS,  i.e.,  (0°,0°)  elevation 
angles,  then  the  SNR  will  increase  by  at  least  35dB. 
Accordingly,  either  range  or  data  rate  will  increase  by  2-3 
orders  of  magnitude  (shift  curves  right  or  up  by  that  order). 
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